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We have experimentally studied the electronic 3p ← 3s excitation of Na atoms attached to 3He
droplets by means of laser-induced fluorescence as well as beam depletion spectroscopy. From the
similarities of the spectra (width/shift of absorption lines) with these of Na on 4He droplets, we
conclude that sodium atoms reside in a “dimple” on the droplet surface. The experimental results
are supported by Density Functional calculations at zero temperature, which confirm the surface
location of sodium on 3He droplets, and provide a microscopic description of the “dimple” structure.
PACS numbers: 68.10.-m , 68.45.-v , 68.45.Gd
Detection of laser-induced fluorescence (LIF) and
beam depletion (BD) signals upon laser excitation pro-
vides a sensitive spectroscopic technique to investigate
electronic transitions of chromophores attached to 4He
nanodroplets [1]. While most of atomic and molecu-
lar dopants migrate to the center of the droplet, alkali
atoms (and alkaline earth atoms to some extent [2]) have
been found to reside on the surface of 4He droplets, as
evidenced by the much narrower and less shifted spec-
tra when compared to those found in bulk liquid 4He
[3, 4, 5, 6]. This result has been confirmed by Den-
sity Functional (DF) [7] and Path Integral Monte Carlo
(PIMC) [8] calculations, which predict surface binding
energies of a few Kelvin, in agreement with the measure-
ments of detachment energy thresholds using the free
atomic emissions [9]. The surface of liquid 4He is only
slightly perturbed by the presence of the impurity, which
produces a “dimple” on the underlying liquid. The study
of these states can thus provide useful information on
surface properties of He nanodroplets complementary to
that supplied by molecular-beam scattering experiments
[10, 11].
Although the largest amount of work has been devoted
to the study of pure and doped 4He nanodroplets -see
[12, 13] and Refs. therein-, the only neutral Fermi systems
capable of being observed as bulk liquid and droplets are
made of 3He atoms, and for this reason they have also at-
tracted the interest of experimentalists and theoreticians
[11, 14, 15, 16, 17, 18]. We recall that while 4He droplets,
which are detected at an experimental temperature (T )
of ∼ 0.38 K, are superfluid, these containing only 3He
atoms, even though detected at a lower T of ∼ 0.15K,
do not exhibit superfluidity [19].
The behavior of molecules in He clusters is especially
appealing. In particular, probes at the surface of the
droplets are desirable because they allow to investigate
the liquid–vacuum interface as well as droplet surface ex-
citations. The latter are of interest in the comparison
of the superfluid vs. normal fluid behavior, particularly
because the Bose–Einstein condensate fraction has been
calculated to approach 100% on the surface of 4He [20].
Small 3He drops are difficult to detect since, as a conse-
quence of the large zero-point motion, a minimum num-
ber of atoms is needed to produce a selfbound drop [15].
Microscopic calculations of 3He droplets are scarce, and
only concern the ground state structure [15, 18]. Ground
state properties and collective excitations of 3He droplets
doped with some inert atoms and molecular impurities
have been addressed within the Finite Range Density
Functional (FRDF) theory [17], that has proven to be a
valuable alternative to Monte Carlo methods, which are
notoriously difficult to apply to Fermi systems. Indeed,
a quite accurate description of the properties of inhomo-
geneous liquid 4He at T = 0 has been obtained within
DF theory [21], and a similar approach has followed for
3He (see [17, 22] and Refs. therein).
The experiments we report have been performed in
a helium droplet machine used earlier for LIF and BD
studies, and is described elsewhere [2]. Briefly, helium
gas is expanded under supersonic conditions from a cold
nozzle forming a beam of droplets traveling freely under
high vacuum conditions. The droplets are doped down-
stream employing the pick-up technique: in a heated
scattering cell, bulk sodium is evaporated in such a
way that, on average, a single metal atom is carried by
each droplet. LIF absorption spectra of doped droplets
are recorded upon electronic excitation using a contin-
uous wave ring-dye laser and detection in a photo mul-
tiplier tube (PMT). Since electronic excitation of alkali-
doped helium droplets is eventually followed by desorp-
tion of the chromophore, BD spectra can be registered
by a Langmuir-Taylor surface ionization detector [23]
housed in a separate ultra-high vacuum chamber. Phase-
sensitive detection with respect to the chopped laser or
droplet beam was used. For that reason the BD sig-
nal (cf. Fig. 2), i.e. a decrease in intensity, is directly
recorded as a positive yield. For these experiments, a
new droplet source was built to provide the necessary
lower nozzle temperatures to condense 3He droplets. Ex-
panding P0 = 20bar of helium gas through a nozzle 5µm
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FIG. 1: Laser-induced fluorescence signal as a function of noz-
zle temperature forming 3He droplets (black) in comparison
to 4He droplets (grey). In both runs a stagnation pressure of
20 bar was used; nozzle diameter was 5µm. Normalization is
such that the plot gives the correct relative intensities.
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FIG. 2: Beam depletion spectra of Na atoms attached to
3He/4He nanodroplets. The vertical lines indicate the po-
sitions of the two components of the Na gas-phase 3p ← 3s
transition.
in diameter, we now can establish temperatures down to
7.5K using a two-stage closed cycle refrigerator (Sumit-
omo Heavy Industries, Model: RDK-408D). In this way,
without needing any liquid helium or nitrogen for pre-
cooling or cold shields, stable beam conditions can be
utilized over several days.
Fig. 1 compares the number of Na-doped 3He vs. 4He
droplets expanding 20 bar helium as a function of the noz-
zle temperature T0. The absolute number densities in the
maxima of both distributions are quite similar. For the
spectroscopic measurements presented in the following,
we set T0 = 11K for
3He, and T0 = 15K for
4He. These
conditions are expected to result in comparable mean
cluster sizes around 5000 atoms per droplet [11, 24]. In
Fig. 2 the absorption spectrum of Na atoms attached to
3He nanodroplets is shown in comparison to Na-doped
4He droplets. We present here the BD spectra because
they do not contain the strong fluorescence background
lines of free Na atoms which cover the crucial steep in-
crease of the droplet spectrum. Moreover, LIF does not
always represent the total absorption spectrum because
it relies on the emission of a photon in the spectral range
of the PMT. Hence, absorption processes followed by ei-
ther radiationless decay or emission of photons in the
infrared spectral region are suppressed. The latter has
been observed in LIF spectra where alkali–helium exci-
plexes form upon excitation of alkali atoms on the surface
of 4He droplets [5, 25]. In our experiment Na3He exci-
plexes are formed in the same way as their Na4He coun-
terparts. This became immediately obvious because we
were able to discriminate the corresponding red-shifted
emission intensities. Furthermore, we followed directly
the Na3He formation in real-time applying femtosecond
techniques. These results will be presented in a forthcom-
ing paper [26]. However, as far as the measured absorp-
tion spectra of Na@3HeN are concerned, the LIF data
are very well in accord with the BD absorption.
The outcome of the spectrum of Na attached to 3He
nanodroplets is very similar to the spectrum on 4He
droplets, which is remarkable for two apparently very
different fluids -one normal and the other superfluid-,
and confirms immediately the surface location: embed-
ded atoms are known to evolve large blue-shifts of the
order of a couple of hundreds of wavenumbers and much
more broadened absorption lines, like e.g. observed ex-
perimentally in bulk helium [27]. The blue shift is a
consequence of the repulsion of the helium environment
against the spatially enlarged electronic distribution of
the excited state (“bubble effect”). The interaction to-
wards the 3He droplets appears to be slightly enhanced,
evidenced by the small extra blue shift of the spectrum
compared to the 4He spectrum. In a simple picture this
means that more helium atoms are contributing or, in
other words, a more prominent dimple interacts with the
chromophore. The upper halves of the spectra come out
almost identical, when shifting the 3He spectrum 8 cm−1
to lower frequencies. The increase in width (FWHM) of
the spectrum is only 7% for 3He droplets. Taking into
account the narrowing of the absorption line for small he-
lium droplets [3] and the uncertainty in the 3He droplet
size distribution, this difference might not even be sig-
nificant. Although the width of the absorption might
be hard to interpret, the blue shift is a clear indica-
tion that the “dimple” is more pronounced than in 4He
droplets. Regarding the substructure of the line, the only
notable exception is the absence of the red-shifted shoul-
der, which is observed in the case of 4He and marked
with an arrow in Fig. 2. This feature, which is even more
pronounced in the absorption of Li-doped 4He droplets
[3] has not been interpreted yet. The shift with respect
to the maximum of the absorption line is ≈ 20 cm−1, too
high in energy to be attributed to an excited compres-
3FIG. 3: Equidensity lines in the x−z plane showing the stable
state of a Na atom (cross) on a He2000 droplet. The 9 inner
lines correspond to densities 0.9ρ0 to 0.1ρ0, and the 3 outer
lines to 10−2ρ0, 10
−3
ρ0, and 10
−4
ρ0 (ρ0 = 0.0163 A˚
−3 for
3He, and 0.0218 A˚−3 for 4He).
sional or surface mode of the droplet at 0.38 K [17, 28].
FRDF calculations at T = 0 confirm the picture emerg-
ing from the measurements just reported, i.e. the surface
location of Na on 3He nanodroplets causing a more pro-
nounced “dimple” than in 4He droplets. We have investi-
gated the stable configurations of a sodium atom on both
3He and 4He clusters of different sizes. The FRDF’s used
for 3He and 4He are described in [29], with the changes
introduced in [30]. The large number of 3He atoms we are
considering allows to use the extended Thomas-Fermi ap-
proximation [16]. The minimization of the energy DF’s
with respect to density variations, subject to the con-
straint of a given number of He atoms N , leads to Euler-
Lagrange equations whose solution give the equilibrium
particle densities ρ(r). These equations have been solved
as indicated in [31]. The presence of the foreign im-
purity is modeled by a suitable potential obtained by
folding the helium density with a Na-He pair potential
VHe−Na. Since the adsorption properties of weakly in-
teracting atoms on liquid He are known to be very sen-
sitive to the details of that potential, accurate descrip-
tions of the impurity-He interactions are mandatory for
quantitative predictions. We have used the potential pro-
posed by Patil [32]. Potential energy curves describing
the He-alkali interaction have been calculated by ab-initio
methods [8], and found to agree very well with the Patil
potential.
Fig. 3 shows the equilibrium configuration for a Na
atom adsorbed onto He2000 clusters. For a given N , the
size of the 3HeN droplet is larger than that of the
4HeN
droplet -an obvious consequence of the smaller 3He satu-
ration density-. Comparison with the stable state on the
4He2000 cluster shows that, in agreement with the experi-
mental findings presented before, the “dimple” structure
is more pronounced in the case of 3He, and that the Na
impurity lies inside the surface region for 3He and outside
the surface region for 4He [33]. We attribute this to the
lower surface tension of 3He (0.113 K/A˚2) as compared to
that of 4He (0.274 K/A˚2), which also makes the surface
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FIG. 4: Density profiles along a line connecting the impurity
to the center of the cluster showing the equilibrium configu-
ration of a Na atom (cross) on He1000 nanodroplets.
thickness of bulk liquid and droplets larger for 3He than
for 4He [10, 11]. The Na-droplet equilibrium distance,
here defined as the ‘radial’ distance between the impu-
rity and the point where the density of the pure drop
would be ρ ∼ ρ0/2 (ρ0 being the saturation density of
bulk liquid He), is R ∼ 1.1 A˚ for 3He, and R ∼ 3.6 A˚ for
4He. For the larger droplets we have studied, R is nearly
N -independent. A related quantity is the deformation of
the surface upon Na adsorption, which can be character-
ized [7] by the dimple depth, ξ, defined as the difference
between the position of the dividing surface at ρ ∼ ρ0/2,
with and without impurity, respectively. We find ξ = 4.4
A˚ for 3He, and ξ = 1.8 A˚ for 4He.
Fig. 4 shows the density profiles for Na@He1000. Note
the more diffuse liquid-vacuum interface for the 3He
droplet far from the impurity, and the occurrence of more
marked density oscillations (with respect to the 4He case)
where the softer 3He surface is compressed by the ad-
sorbed Na atom. Our calculations thus provide a detailed
picture of the He structure around the impurity, which is
an essential ingredient for any line-shape calculation of
the main electronic transitions in the adatom [3].
Solvation energies defined as
SNa = E(Na@HeN )− E(HeN ) (1)
are shown in Fig. 5. To compare with “exact” PIMC re-
sult [8], we have calculated Na@4He300. Part of the small
difference between the two values has to be attributed to
our neglecting of the zero-point energy of Na.
We have fitted the SNa’s to a mass formula of the kind
SNa(N) = S0 +
S1
N1/3
+
S2
N2/3
(2)
and have found S0 = −12.1(−12.5), S1 = −28.3(−31.6),
and S2 = 37.3(37.6) K for
4He(3He). The lines in Fig. 5
are the result of the fit. The value SNa ∼ −12 K has
been obtained within FRDF theory for Na adsorbed on
the planar surface of 4He [7], which would correspond to
the N =∞ limit in Fig. 5.
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FIG. 5: Na solvation energy as a function of the cluster size.
The cross is the PIMC result of [8].
In conclusion, the presented experimental and theoret-
ical results show that alkali adsorption on 3He droplets
occurs in very much the same way as in the case of 4He,
i.e. the adatom is located on the surface in a slightly
more pronounced “dimple”. Our calculations provide a
microscopic description of the liquid structure around the
impurity, which is a necessary input for any line-shape
calculation as well as for the understanding of dynami-
cal processes which already have been observed in time-
dependent experiments [26].
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